Abstract Histone acetyltransferases (HATs) catalyze the acetylation of specific lysine residues in histone and nonhistone proteins. Recent studies showed that acetylation is widely distributed among cellular proteins, suggestive of diverse functions of HATs in cellular pathways. Nevertheless, currently available assays for HAT activity study are still quite limited. Here, we evaluated a series of thiolsensitive fluorogenic compounds for the detection of the enzymatic activities of different HAT proteins. Upon conjugation to the thiol group of HSCoA, these molecules gain enhanced quantum yields and strong fluorescence, permitting facile quantitation of HAT activities. We investigated and compared the assay performances of these fluorogenic compounds for their capability as HAT activity reporters, including kinetics of reaction with HSCoA, influence on HAT activity, and fluorescence amplification factors. Our data suggest that CPM and coumarin maleic acid ester are excellent HAT probes owing to their fast reaction kinetics and dramatic fluorescence enhancement during the HAT reaction. Further, the microtiter plate measurements show that this fluorescent approach is robust and well suited for adaption to high-throughput screening of small molecule inhibitors of HATs, highlighting the value of this assay strategy in new drug discovery.
Introduction
Protein acetylation is recognized as a key posttranslational modification mark regulating diverse biological cascades such as transcriptional regulation and signal transduction. Reversible acetylation and deacetylation of cellular proteins are mediated by histone acetyltransferases (HATs) and histone deacetylases. HATs catalyze the transfer of the acetyl group from acetyl-coenzyme A (Ac-CoA) to the ε-amino group of lysine residues in a histone or nonhistone protein substrate, resulting in acetylated lysine and HSCoA. HATs are grouped into four major families: the general control nonderepressible 5 (GCN5)-related N-acetyltransferase, represented by GCN5 and p300/CREB binding protein (CBP)-associated factor (PCAF), the p300/CBP family, including p300 and CBP, the MYST family that includes MOZ, Ybf2/ Sas3, Sas2, and Tip60, and RTT109 [1] . On the chromatin template, lysine acetylation loosens the nucleosome structure and promotes the accessibility of transcription factors to local and global genetic loci [2, 3] . Importantly, increasing reports show that protein acetylation affects a variety of chromatin-unrelated cellular processes, such as signal transduction by mediating protein-protein interactions [4] . Moreover, a large body of evidence reveals that HAT activities are deregulated in many diseased states [5, 6] . For example, expression of p300/CBP decreases during chemical hepatocarcinogenesis and mutations in p300/CBP are associated with different cancers and other diseases [7] . In acute myeloid leukemia, the CBP gene is translocated and fused to either MOZ and MORF or to MLL gene [8] . The expression level of the MYST member Tip60 is upregulated in hormone-resistant prostate cancer [9] . Further, the NF-κB proteins are acetylated and the acetylation regulates their signaling function in many diseased condition such as inflammation and cancer [10] . Such multifold evidence underscores the importance of HATs as potential drug targets.
Indeed, a number of research efforts in recent years have been devoted to designing and screening chemical HAT regulators [11] [12] [13] .
Given the significance of acetylation in normal biology and pathology, effective biochemical assays are required to detect and analyze HAT activities both in vitro and in vivo [14] [15] [16] [17] . For use in inhibitor screening, appropriate assays are required to combine sensitivity, speed, simplicity, and cost-effectiveness in order to be suited for rapid and highthroughput screening [18, 19] . The classic radioactive assay relying on [ 3 H]-or [ 14 C]-labeled Ac-CoA takes a leading role in studying HAT activities and is particularly useful for kinetic characterization of HATs in which the degree of throughput is usually a limiting factor [14, 17, 20, 21] . Radioisotopic assays suffer from issues of high cost of radioactive materials, environmental safety of radioactivity handling, and experimental inflexibility (i.e., end point assay) [14] . Also the standard radioactive method is not well suited for automation and high-throughput screening (HTS) application. Therefore, nonradioactive strategies are highly required for HAT enzymatic studies and for HAT inhibitor screening. Spectrophotometric methods are of great utility in biochemical assay design owing to their simplicity and sensitivity. For the analysis of acetyltransferase activity, one attractive strategy is to use spectrophotometric probes for quantification of the side product HSCoA [22] [23] [24] . The HAT reaction has been directly monitored with thiol-reactive chemicals such as 7-diethylamino-3-(4'-maleimidylphenyl)-4-methylcoumarin (CPM) [23] and DTNB [24] (Fig. 1 ). Because such spectrophotometric analyses of HAT activity involve additional chemical components than a pure radioactive HAT assay, extra complexity needs to be clarified. In particular, critical questions remain to be addressed about reaction kinetics with HSCoA, side effect of the probes to HAT enzymes, and applicability for HTS implementation.
We are particularly interested in detecting HAT activities by using fluorescent probes because fluorescence measurement is rapid, sensitive, potentially continuous, and does not involve dangerous radioactive chemicals. We recently developed a single-step assay for direct readout of acetyltransferase activity via fluorescent sensing [25] and designed a FRET approach that is particularly suited for studying HAT-substrate interactions [26] . In this paper, we investigated and compared chemical reactivity, kinetics, and spectrometric properties of a series of fluorogenic molecules (Fig. 2) for quantitative analysis of HAT activities. Our data demonstrate that CPM and coumarin maleic acid ester, 3-(7-hydroxy-2-oxo-2H-chromen-3-ylcarbamoyl)-acrylic acid methyl ester (CME) are particularly effective for HAT assays owing to their fast kinetics and strong fluorogenicity. Further, we find that this fluorescent method is amenable to minimization and automation, thereby well suited for screening and characterizing HAT inhibitors in the HTS format. Together, this work provides insightful information about applying fluorescent probes to study HAT activities and screen chemical modulators of HATs.
Materials and methods

Materials
All reagents were of the highest grade commercially available. Seven commonly used thiol-sensitive probes A433, D10251, CPM, D10253, M1378, P28, and B-8 were selected and ordered from Invitrogen. The compound CME was synthesized as previously reported [27] . Radioactive [
14 C] Ac-CoA was purchased from Perkin Elmer and regular nonradioactive Ac-CoA was purchased from Sigma. AcCoA often contains low amounts of HSCoA, which could react with the thiol-labile probes and cause high levels of background fluorescence. To circumvent this problem, 3 mg of Ac-CoA was treated with 10 μL of acetic anhydride for 10 min at room temperature and then quenched with 1 mL of HEPES buffer (100 mM, pH8.0). The enriched Ac-CoA was then frozen in aliquots and stored at −80°C [23] .
Peptide synthesis
Peptides were synthesized using the Fmoc-based solid phase peptide synthesis protocols and purified with C-18 reversed phase HPLC (using a gradient of H 2 O:CH 3 CN containing 0.05 % trifluoroacetic acid) and confirmed with MALDI-MS as previously described [28] . The sequence of the NH 2 -terminal 20 aa peptide of histone H3, i.e., H3-20, is Ac-ARTKQTARKSTGGKAPRKQL and the sequence of the NH 2 -terminal 20 aa peptide of histone H4, i.e., H4-20, is Ac-SGRGKGGKGLGKGGAKRHRK. His-tagged PCAF HAT domain (493-658) was expressed with the pET28a vector. His-tagged Tip60 was expressed with the pET21a vector. Recombinant p300 protein was a gift from Dr. Philip Cole. All the protein expression was carried out with Escherichia coli BL21(DE3). The His-tagged proteins were purified on Ni-NTA beads. Protein concentrations were determined using the Bradford assay. Proteins were flash frozen in a storage buffer containing 50 mM HEPES, 500 mM NaCl, 1 mM EDTA, and 10 % glycerol and stored at −80°C.
Fluorescent assays of HAT probes
The HAT reactions were carried out at 30°C in 50 mM of HEPES buffer (pH8.0) containing 0.5 mM EDTA (i.e., 1×RB). For PCAF and p300 assay, the final concentrations of each species were maintained as: 20 nM enzyme, 100 μM peptide, 10 μM Ac-CoA, and 50 μM probe. For Tip60 HAT assay, the final concentrations of each species were: 20 nM Tip60, 200 μM peptide, 20 μM Ac-CoA, and 50 μM probe. In a typical procedure, an assay solution was prepared containing the appropriate concentrations of each species in an aliquot. The tube was incubated at 30°C for 5 min and then enzyme was added to initiate the reaction. The final assay volumes were 150 μL (for PCAF and p300 assay) and 200 μL (for Tip60 assay). Following the HAT reaction, each reaction was quenched by rapid freezing. The appropriate volumes of probes in dimethyl sulfoxide (DMSO) were added to each reaction sample such that 10 % DMSO was present in the final assay solution. Fluorescence emission was monitored on a FluoroMax-4 fluorimeter. The maximum absorption wavelength of the respective probes was selected as the excitation wavelength.
HAT inhibition by Lys-CoA
The HAT reactions were carried out at 30°C in 1×RB. An assay cocktail was prepared with the appropriate concentrations of Lys-CoA, H4-20 (for Tip60) or H3-20 (for PCAF), and Ac-CoA in small aliquots. The tube was kept at 30°C for 5 min, and then, the respective enzyme was added to initiate the reaction with a final volume of 144 μL. After 8 min, the HAT reaction was quickly quenched by rapid freezing, and then, each aliquot was mixed with 16 μL of 50 μM CPM in DMSO and kept in darkness for 8 min. The fluorescent emission was monitored on a FluoroMax-4 fluorimeter. The final concentrations of Ac-CoA and peptide substrate were 10 and 200 μM, respectively. Concentrations of PCAF and Tip60 were 10 and 50 nM. The concentration of Lys-CoA ranged from 0 to 800 μM. CPM (5 μM) was used for HAT activity quantitation. Each assay was carried out in duplicate.
Microplate assays for Z and Z′ value
Microplate assays for the HAT study were conducted in 384-well microplates (MaxiSorp, Nonsterile PS) on a Perkin Elmer 1420 Multilabel Counter. An assay cocktail was prepared with the appropriate concentrations of Lys-CoA (only for inhibitor reactions), H4-20 peptide, and Ac-CoA in a 2-mL tube and divided into microplate wells with a 12-channel pipette. The plate was kept at room temperature for 5 min, and then, Tip60 was added to initiate the reaction with a final assay volume of 40 μL (for negative control 1× reaction buffer was used instead of Tip60). After 10 min of reaction, each well was mixed with 2 μL of 1 mM CPM in DMSO and kept in darkness for 2 min. Perkin Elmer 1420 Multilabel Counter was used to read out the fluorescence with excitation and emission filters of 380 and 460 nm, respectively. The final concentrations of Ac-CoA, peptide substrate, and Tip60 were 10 μM, 200 μM, and 50 nM respectively. For the inhibitor reaction, the concentration of Lys-CoA was 200 μM and 25 μM CPM was used for activity quantitation.
Results and discussion
The reaction kinetics of the fluorogenic compounds with HSCoA Thiol-labile fluorogenic compounds are of great value in detecting acetyltransferase activities through their ability to react with HSCoA, the side product of acetylation reaction. The reactivity and reaction kinetics of these fluorogenic compounds with HSCoA will be a critical determinant for their suitability in HAT activity detection.
To systematically evaluate the advantage of HAT activity analysis with fluorogenic probes, we screened several of commonly used thiol-sensitive fluorogenic compounds that are available from the Molecular Probes (Fig. 2) . Yi et al. recently reported a coumarin maleic acid ester molecule, CME, having superior thiol detection properties such as fast reaction rate, nanomolar sensitivity, and large signal-to-noise ratio [27] . We thus synthesized and tested this compound as well. Most of these fluorogenic probes react with HSCoA through thiol addition to the double bond of the α, β-unsaturated carbonyl groups forming a thioether linkage, which thereby affects the photophysics of the chromophore (Electronic supplementary material Fig. S1 ). We first examined the fluorescence response of each probe reacting with HSCoA. In the test, 5 μM of a probe was rapidly mixed with 10 μM of HSCoA in 1×RB with 10 % DMSO present in the reaction mixture in order to completely dissolve the organic probes. Maximum absorbance wavelength (1 abs ) of each compound was determined by measuring their absorption spectra and was chosen as the excitation wavelength for the fluorescence experiments. The fluorescence emission spectra for each probe were collected from which the maximum emission wavelength (1 em ) was determined. As expected, the fluorescence intensity of each probe increased after reaction with HSCoA (Fig. 3) . Such a fluorescence enhancement, i.e., the signal-to-background (S/B) ratio, is one important factor determining the quality of these probes for HSCoA detection. The measured S/B ratios for each probe were summarized in Table 1 . Three compounds, CME, CPM, and D10251, exhibited the strongest S/B ratios, with greater than 250-fold fluorescence enhancements after reacting with HSCoA. Four other compounds, A433, B-8, D10253, and P28, showed fluorescence amplification in the medium range (17-54-folds). M1378 showed the weakest S/B ratio, only 2.4-fold of fluorescence enhancement after reaction with HSCoA. In addition to S/B ratios, kinetics of the reaction between each probe and HSCoA is another important factor determining the efficacy of the probes for HAT assay. The probe-HSCoA reaction time course was monitored by recording the fluorescence intensity at the 1 em as a function of reaction time. As summarized in Fig. 4 and Table 1 , compounds CME, CPM, D10251, and D10253 reacted with HSCoA with a half time (t 1/2 ) of less than 31 s. Such fast reaction kinetics is of great importance for HAT assay because it assures that the coupling step does not pose a rate limitation for acetyltransferase activity detection. The reaction rates of the other compounds are appreciably slower (t 1/2 > 96 s) under the same condition. Taking into account the requirement of both fast reaction kinetics and large S/B ratios, we conclude that three compounds, CME, CPM, and D10251, are particularly amenable for HSCoA detection, suggesting their application as fluorescent probes for acetyltransferase activity detection. In our experiments, we also tested the detection limit of the fluorescent assays with CPM. HSCoA was detected at least down to 0.17 μM when CPM was employed at 5 μM in the buffer solution, which leads to a 50 % increase in fluorescence intensity (data not shown).
Application of the fluorogenic probes for PCAF activity measurements
Having determined the reaction kinetics and fluorescent emission properties of each probe reacting with HSCoA, we then applied these probes to study HAT reaction with the purpose of examining the efficiency of these probes for HAT activity detection. Three HAT enzymes, PCAF, p300, and Tip60, are particularly examined. These enzymes not only are representative members of the major HAT proteins in mammalian cells, but they are also causative factors for many human diseases and are important biological targets for new drug discovery [29] [30] [31] . For the PCAF assay, a histone H3 peptide containing the Nterminal 20 AA (H3-20) was synthesized and used as the substrate. In a typical procedure, the peptide substrate was incubated first with Ac-CoA, and then, the acetyltransferase reaction was initiated by addition of HAT protein. After 5 min of reaction, 50 μM of each probe (final concentration) was added to the HAT reaction and the fluorescence emission at the 1 em was recorded as a function of time. All the reactions were carried out at 30°C. Because a potential pitfall is that some cysteine residues at the protein surface may react randomly with Ac-CoA to produce HSCoA, thus causing false-positive signals during the reaction, we also carried out the assay without PCAF or without Ac-CoA under the same experimental condition as negative controls to evaluate the possible interference of cysteine-HSCoA reaction. Figure 5 shows the fluorescence progression curve of each probe reacting with the PCAF reaction mixture. From the results, it is seen that CPM gave 40-fold of fluorescence enhancement after reacting with the PCAF mixture as compared with the blank controls. D10251 also showed high fluorescence sensitivity, with 20-fold of emission increase. CME showed 12-fold increase. All these three compounds showed fast kinetic response, with the plateau reached within 3 min of reaction time. P28, B-8, and D10253 showed moderate intensity increase (7.5, 6.4, and 3.5-fold, respectively). A433 showed the slowest reaction rates, consistent with the result of its reaction with HSCoA (Fig. 4) . M1378 showed almost no response to the PCAF reaction and could not distinguish between the HAT reaction and the two blank controls.
Application of the fluorogenic probes for p300 activity measurements p300 is a member of the CBP/p300 HAT subfamily playing important roles in regulating gene transcription and many other biological processes [32, 33] . We tested the eight probes for detecting the activity of p300. In the assay, a histone H4 peptide containing the N-terminal 20 AA sequence, i.e., H4-20, was used as the substrate. The The reaction was conducted at room temperature in 1×RB in the presence of 10 % DMSO HSCoA was 5 and 10 μm, respectively. Τhe maximum absorption wavelength was selected for excitation experimental procedure was essentially the same as the PCAF assay, with the HAT reaction proceeding for 5 min prior to the addition of the probe (50 μM final). Figure 6 displays the changes of the fluorescence intensity of the probes as a function of time after its mixing with the p300 reaction solution. Among the eight probes, CME and CPM and D10251 are the three best compounds which gave more than seven-fold increase compared to the negative controls. Four other compounds, A433, B-8, D10253, and P28, showed modest fluorescence enhancement (two-five folds). Similar as that in the PCAF HAT assay, M1378 exhibited very little fluorescence increase following its reaction with the acetylation mixture.
Application of the fluorogenic probes for Tip60 activity measurements
We also studied the use of the eight fluorogenic compounds for probing the enzymatic activity of Tip60, a representative member of the MYST family HATs. A full reaction solution contained 50 nM Tip60, 200 μM H4-20, 20 μM Ac-CoA, and 50 μM probe. The fluorescence progression data were shown in Fig. 7 . Overall, fluorescent signals continued to increase over a longer period of time (>5 min), likely suggesting that Tip60 activity was weaker and acetylation reaction was still ongoing after the addition of the probes. CPM showed better performance compared to the other probes, with a 7.5-fold fluorescence enhancement and the fluorescence signal is more stable than the others. CME showed 5.4-fold signal increase at 5 min of reaction. However, with increasing incubation time, the background level increased as well, which compromised the signal-to-background ratio. The fluorescence intensity of several other probes, A433, B-8, D10251, D10253, and P28, increased by 1.7-3.6-folds after reacting with the HAT mixture. Again, M1378 exhibited the worst performance, with almost no fluorescence enhancement observed. Impact of the organic probes on the activity of the HATs When coupling fluorogenic probes with a HAT reaction to gain fluorescent readout of the acetyltransferase activity, it might be possible that these extra compounds affect the intrinsic activity of the tested HATs. Especially, these thiollabile compounds can potentially react with cysteine residues that are essential for enzymatic activities. To evaluate possible toxic effects of these fluorogenic probes on HAT activity, we carried out histone acetylation in the presence of these probes using the classic radioisotope-labeled assay. [
14 C]acetyl-CoA was used as the acetyl donor and H4-20 or H3-20 was used as the substrate. The HAT activity of PCAF, p300, and Tip60 was measured in the presence and absence of 50 μM individual probes to quantitatively evaluate their interfering effect. As shown in Fig. 8 , different compounds have varying effects on the activity of the three HATs. Tip60 retained more than 60 % of its activity in the presence of each compound. Strikingly, the tested compounds showed more dramatic effect on activities of PCAF and p300. In particular, p300 lost more than 90 % of its activity in the presence of the tested probes. Several compounds (e.g., CPM and P28) also considerably inhibited the activity of PCAF. Future in-depth study is needed to elucidate the inhibitory mechanisms of these compounds. The data presented here demonstrate that, to apply fluorogenic compounds for HAT assay, caution should be taken about the potential detrimental effect of the compounds on the intrinsic activity of the enzyme. For those probes that substantially interfere with HAT activity, it is necessary that their addition should take place at a later stage when the HAT reaction is over, namely in the format of end point assays. One important application of the described fluorescent assay is for HAT inhibitor characterization and screening. Given the paucity of available HAT inhibitors for therapeutic investigation, robust fluorescent HAT assays with highcontent screen capability in the microtiter plate platform are of great power in drug discovery. Because CPM showed fast reaction kinetics and marked signal enhancement, we used it as an example to demonstrate the use of fluorogenic probes in studying HAT inhibitors. First, we tested the efficacy of this method in HAT inhibitor characterization, e.g., determining the potency parameter IC 50 . Activities of PCAF and Tip60 were examined at a range of concentrations of Lys-CoA, a previously reported HAT inhibitor [34, 35] . For each HAT reaction, CPM was added (5 μM final) at 8 min of the HAT reaction. The fluorescent signals were measured on FluoroMax fluorometer. As shown in Fig. 9 , fluorescent signals of both the PCAF reaction mixture and the Tip60 reaction mixture declined at increasing concentrations of Lys-CoA, demonstrating concentrationdependent inhibition by the inhibitor. The IC 50 values were determined from these inhibition data by fitting to equation y01/(1+x/IC 50 ), resulting in 96 μM for PCAF and 26 μM for Tip60. These data are within onefold range with that obtained from the standard radioactive HAT assays (i.e., 108 μM for PCAF and 30 μM for Tip60) [34] .
A particular advantage of using fluorogenic probes for HAT activity measurement is no requirement of postreaction separation steps, which makes it an attractive approach for high-content screen of chemical modulators of HATs. We tested the suitability of the fluorescent assay for HTS by measuring the Z and Z′ factors, which are statistical parameters for the evaluation of the qualification and robustness of HTS assays [36] . Three sets of samples were (Fig. 10) . The Z and Z′ values were calculated according to Eqs. 1 and 2 [36] :
SD s , SD c+ , and SD c− denote the standard deviations of the inhibitor sample signals, positive control signals, and negative control signals; mean s , mean c+ , and mean c− stand for the means of the inhibitor mixture signals, positive control signals, and negative control signals. Calculation from the sampling data offers a Z value of 0.61 and Z′ value of 0.71. Typically, a qualified and robust assay has Z and Z′ values higher than 0.5. Therefore, the high Z and Z′ values from our assay validate the robustness of the fluorescent method for HAT inhibitor screening in the HTS format.
Conclusions
HATs are important posttranslational modifying enzymes that catalyze acetylation of specific lysine residues in histone and nonhistone substrates. They participate in multiple cellular processes such as transcriptional regulation and signal transduction. Aberrant expression of HATs has been observed in various disease states, especially cancer. However, current strategies for studying HAT enzymatic activity and inhibitor screening are quite limited. We investigated in detail the use of common thiol-sensitive fluorogenic probes for detection of HAT activities. In particular, we characterized the reaction kinetics and fluorescent properties of each compound for detecting the activities of three major human HAT proteins, p300, PCAF, and MYST HAT. Our data show that several probes, especially CPM and CME, are particularly suited for HAT activity detection owing to their excellent fluorescence amplification, fast reaction kinetics, and miniaturization and robustness for HTS application in the microplate format. The data presented here provide fundamental valuable information for selecting and applying fluorogenic probes for the detection of enzymatic activities of HATs and other acyl-CoAdependent enzymes such as homocitrate synthase, aminoglycoside N-acetyltransferases, and acyl-CoA thioesterases [37] . 
